The psychopathology of depression is highly complex and the outcome of studies on animal models is divergent. In order to find brain regions that could be metabolically distinctively active across a variety of mouse depression models and to compare the interconnectivity of brain regions of wild-type and such genetically modified mice, histochemical mapping of oxidative metabolism was performed by the measurement of cytochrome oxidase activity. We included mice with the heterozygous knockout of the vesicular glutamate transporter (VGLUT 1 −/+ ), full knockout of the cannabinoid 1 receptor (CB1 −/− ), an anti-sense knockdown of the glucocorticoid receptor (GRi) and overexpression of the human 5-hydroxytryptamine transporter (h5-HTT).
Introduction
The psychopathology of depression is highly complex [1, 2] and likely to involve components common to all depressed patients as well as individually distinct pathogenetic roads [3] . Animal models of depression have significantly contributed to drug development since the emergence of the original antidepressants, but while the understanding of the neurobiology of depression has also advanced, the increasing diversity of models has brought about a large variety of neurobiological findings that are not well shared [4, 5] . Much of this variance may be the result of model-specific alterations and not of general interest, but a real conflict exists between the pursuit of reductionistic animal models and the recognition that the diagnosis of depression represents huge heterogeneity of clinical conditions. Hence it is not surprising if diagnostic criteria of mental illness do not translate easily into animal models of a single gene mutation; however, smaller building blocks or "intermediate phenotypes" of a psychiatric syndrome should be modeled successfully [6] . A major attempt to detect common genome-wide differences by the NewMood consortium [7] using a panel of animal models of depression that were to share the depression endophenotypes -anhedonia, anxiety, and helplessness -highlighted many candidate genes [8] [9] [10] [11] [12] [13] , but essentially did not produce a consistent, cross-model picture. This suggests that at the gene expression level the model-specific aspects prevail. In order to study the coherence in the neurobiologies of depression at a higher level of brain organization, regional oxidative metabolism mapping by cytochrome oxidase histochemistry was performed in a number of rat models of depression. Cytochrome c oxidase (COX; EC 1.9.3.1) is a rate-limiting enzyme in the mitochondrial electron transport chain, where its activity mirrors the generation of ATP. Cytochrome c oxidase activity is relatively stable in time and hence serves as a good indicator for linking neurometabolic and behavioural profiles [14] . While individual rat models again yielded only a few similarities in regional oxidative metabolism [15] , possibly owing to specifics of models as well as limited statistical power, the analysis across four rat models of depression suggested common patterns of vulnerability and stress response [16] . Hence we have carried out a joint analysis of oxidative metabolism as measured in four of the core genetic mouse models of the NewMood project [7] . The mouse depression models included the heterozygous knockout of the vesicular glutamate transporter (VGLUT 1 −/+ ) mice [17] , full knockout of the cannabinoid 1 receptor (CB1 −/− ) mice [18] , and an anti-sense knockdown of the glucocorticoid receptor (GRi) mice [19] . These models were developed on guidance of current understanding of the neurobiology of affective disorders, and in all four models the genetically modified mice had some pertinent differences with the respective wild-type (WT) animals in conventional neuropsychopharmacology tests. The VGLUT1 −/+ mice exhibit increased anxiety in the light-dark compartment test and elevated immobility in the forced swimming test [20] as well as increased vulnerability to anhedonia after chronic stress [17] that was reversed by antidepressant treatment [17, 21] . The CB1 −/ − mice exhibit anxiety-like behaviour in the light/dark compartment test [18] and under bright illumination in the elevated plus-maze [22] , increased immobility in the tail suspension test [23] , as well as increased anhedonia after chronic unpredictable mild stress [18] . The depressive-like phenotype of CB1 −/− mice was significantly attenuated by the systemic administration of imipramine or fluoxetine [24] and completely reversed by the local administration of BDNF in the hippocampus [23] . GRi mice exhibited marked alterations in depressivelike and anxiety-like behaviors, together with a significant increase in fear-related behaviors. They also showed decreased cell proliferation and altered levels of neuroplastic and epigenetic markers in the hippocampus [25, 26] . We also used mice overexpressing the human 5-hydroxytryptamine transporter (h5-HTT) [27] as these animals have higher clearance of 5-HT and, theoretically, lower serotonin function. These mice have differences in fear learning that depend on experimental conditions [28, 29] . Hence, this study had the following aims: i) to find brain regions that could be metabolically distinctively active in a variety of mouse depression models, and ii) to compare the interconnectivity of brain regions of wild-type and genetically modified mice.
Experimental procedures

Animals
CB1
−/− mice were of CD1 genetic background [30] . VGLUT 1 −/+ mice were of C57BL/6 N genetic background [31] and bred from heterozygous fathers and WT mothers (Harlan, France). Glucocorticoid receptor-impaired (GRi) mice were of F1 B6/C3H genetic background [32] . h5-HTT overexpressing mice were of CBA x C57BL/6 J hybrid background [33] . The number of available animals was as follows: GRi 28 (14 genetically modified, GM, and 14 WT), CB1 −/− 9 (4 GM and 5
WT mice), VGLUT 1 −/+ 21 (10 GM and 11 WT), and h5-HTT 18 (9 GM and 9 WT). All mice in the current study were male, experimentally naive and were not stressed deliberately. Experimental procedures and animal husbandry were conducted according to the principles of laboratory animal care as detailed in the European Communities Council Directive (2003/65/EC).
Cytochrome oxidase histochemistry and image analysis
Frozen brains of all mice were shipped on dry ice to the University of Tartu where all histochemical experiments were conducted as previously described [34] . Frozen brains were sectioned on cryostat into 50 μm thick coronal sections. Sections from mice of each genetic model with the corresponding WTs were processed histochemically together in a balanced manner. Optical density scores of cytochrome oxidase activity were standardized and converted into Z scores within each genetic model to exclude the effects of uncontrolled variation in lab conditions, as brains from different genetic models were processed separately. Therefore only the relative differences between GM and WT mice can be compared across animal models. Five values, each from a different brain region, were not successfully obtained, and multiple imputation by chained equations (MICE) R package [35] was employed using a "predictive mean matching" approach to fill in the missing values.
Data analysis
All statistical analyses were performed using R software version 3.4. In conditions where the total number of observations is less than the number of predictor variables while predictors are additionally collinear, machine learning offers a number of advantages [36] but there is variety of techniques that are not simple to select a priori. Hence, different machine learning (ML) algorithms were used to find the most important brain regions distinguishing GM and WT mice. Repeated cross-validation was applied to achieve conservative estimates of prediction accuracies. At first all algorithms were applied on full dataset incorporating all animal models. As oxidative metabolism raw data from different animal models can be fairly different [16] , additional more granular analyses were performed, applying similar analysis to reduced datasets. The following analyses were performed: 1) each animal model was removed from the dataset in turn, 2) data of animals from a single model were analyzed in turn, 3) because the vulnerability to anxiety of h5-HTT genotype is uncertain (see Discussion), it was recoded into separate category of "resistant" and the analysis was performed on full dataset to distinguish "resistant", "control" and "vulnerable" mice. Also, because the data for brain regions were highly collinear, the parameter estimates may be unstable and it is hard to estimate the contribution of each variable to the final model; therefore, the full dataset was analyzed once again, with only half of the variables representing regional COX activity were sampled on each iteration of the algorithm's evaluation. Additionally, to study the effect of data selection, the relative importance of brain regions on full dataset was estimated based on different subsets of mice (10% of samples with average prediction accuracy, and 10% of samples with the highest or with the lowest prediction accuracies). In general, maximum uncertainty linear discriminant analysis (MLDA [36] ;) algorithm was the most successful on larger datasets. In more granular analyses, penalyzed discriminant analysis (PDA [37] ;) and linear discriminant analysis (LDA [38] ;) performed slightly better. All other ML approaches, such as tree-based algorithms, neural nets, and naive Bayes classifiers, were slightly worse in their accuracy, so the easier to interpret linear discriminant models were preferred for presentation of results. Initial evaluation of ML algorithms was done using the caret R package [39] , MLDA was performed with HiDimDA R package [40] and PDA was performed with penalizedLDA R package [41] . More detailed description of performed ML analyses is presented in Supplementary material.
The receiver operating characteristic (ROC) analysis [42] was used to test the differences between and to assess the prediction accuracy of single brain regions distinguishing WT and GM mice. The ROC curves depict sensitivity (probability of correctly classified GM mice) and specificity (probability of correctly classified WT mice) for all possible values of the brain region's activity and visualize in such a way simultaneously two aspects of the prediction accuracy. Results of ROC analysis can be summarized as a single metric by computing the area under the ROC curve (AUC) and by testing its difference from 0.5 (AUC = 0.5 corresponds to random appointment of mice into groups irrespective of regional oxidative metabolism). The ROC curves were plotted with plotROC R package and the statistical significance of AUC was calculated by performing 10,000 permutation tests with the sigr R package. Since the effects of 100 brain regions were tested independently, the more conservative threshold for statistically significant effects was set at p < 0.005.
To assess overall inter-regional connectivity patterns, the procedures as described in our earlier study in the rat [16] were used. The correlation matrices were calculated for both WT and GM mice including all brain regions and the multidimensional scaling (MDS) algorithm was applied on the difference of the two correlation matrixes. The MDS discovers the most important patterns of regional metabolic activity distinguishing GM and WT mice and allows projecting the results into low-dimensional space. The correlation matrixes were plotted with corrplot R package and the MDS was performed with ade4 R package. The analyses were performed with dataset including all animals from all models and additionally with the GRi group showing the strongest dissimilarities between GM and WT mice.
Results
Machine learning
When the full dataset was analyzed, the accuracy of MLDA predictions of whether a mouse belonged to the depression models or wildtype was 0.62 ± 0.09 (with the theoretical maximum being 1.0). The results for classification accuracy of the best algorithm for each dataset are presented in Table 1 . Overall, the accuracy of classification was modest when the dataset was composed of mice from several genotypes. Model-wise, the GRi mice had the largest proportion of correct classifications (0.77 ± 0.15). This also implied that analyzing the data without GRi mice the overall prediction accuracy decreased while omitting any other genotype almost did not change the overall prediction accuracy. Reduction of predictor variables (that is, brain regions) to the random sample of 50 had little effect on the prediction accuracy.
Overall, the top four brain regions having the largest contribution to classification into depression model were the lateroanterior hypothalamic nucleus (LA), the anterior part of the basomedial amygdaloid nucleus (BMA), claustrum (CL), and the suprachiasmatic nucleus (SCh). By single animal models, CL and SCh occurred in top five of discriminating regions for more than one model: CL was the most discriminative brain region for GRi mice and second most salient for CB 1 mice, SCh was the most significant for VGLUT1 model and fourth more important for GRi mice. Estimating the relative importance of brain regions on full dataset based on different subsets of mice (10 percentage of samples with average prediction accuracy, and 10 percentage of samples with the highest or with the lowest prediction accuracies) did not change the results, as the top six brain regions remained the same (with LA at very the top) and overall the ranks of brain regions were remarkably similar. Recoding h5-HTT mice into its own phenotype ("resistant") deteriorated the overall accuracy of machine learning (MLDA accuracy score: 0.56 ± 0.09), suggesting that even this phenotypically distinct genetic modification contributed to the overall Table 1 The overall prediction accuracies, and the sensitivities and specificities ( ± SD) by animal models achieved with machine learning algorithms applied on different datasets. Overall accuracy -probability of correctly classified mice; sensitivity -probability of correctly classified genetically modified mice, specificity -probability of correctly classified wild type mice.
D. Matrov et al. Behavioural Brain Research 356 (2019) 435-443
"depressed" configuration of oxidative activity.
The results of bootstrap analysis to estimate the magnitude and stability of discriminant vector coefficients in MLDA for whole dataset and separately for the GRi model in the 10,000 times bootstrapping are presented in Fig. 1 , and the results of bootstrap analysis in both MLDA and PDA for all animal models separately are presented in Supplementary Fig. 1 . Altogether the results of twelve brain regions with the largest discriminant vector coefficients are presented. The coefficients of the discriminant vector were the most stable for GRi animal model, the stability on the full dataset was somewhat worse. Other three animal models had poor coefficient stability and there were little agreement in variable coefficients between MLDA and PDA algorithms suggesting the absence of general patterns in regional oxidative metabolism distinguishing GM and WT mice.
Receiver operating characteristic analysis
The results of ROC analysis essentially affirmed the results of machine learning algorithms. The ROC curves of the top six brain regions with the lowest p-values as assessed in the full dataset (LA, BMA, CL, SCh, the ventromedial hypothalamic nucleus, VMH, and the anterior hypothalamic area, posterior part, AHP) are presented on Fig. 2 for the whole dataset and for each animal model separately. On the full dataset LA, BMA and SCh were significantly discriminative (p < 0.005). However, the classification accuracy into WT or GM was poor (all AUC < 0.7). Distinguishing GM and WT mice in case of GRi animal model, there were 16 brain regions with p < 0.005 (CL, LA, AHP, BMA, SCh, VMH, anterior hypothalamic area, anterior part, AHA, ectorhinal cortex, Ect, zona incerta, ZI, substantia innominata, SI, basolateral amygdaloid nucleus, anterior part, BLA, paraventricular thalamic nucleus, PV, medial amygdaloid nucleus, anteriodorsal, MeAD, lateral entorhinal cortex, Lent, dorsal endopiriform nucleus, Den, and lateral hypothamic area, LH). Thirteen of these brain regions allowed to classify the mice into "control" and "vulnerable" groups with good accuracy (AUC ≥ 0.8). As to other mouse models separately, none of brain regions had statistically significant effect at the p < 0.005 level.
Correlation analysis and multidimensional scaling
Brain regional COX histochemistry data were, overall, highly intercorrelated. In the whole dataset the median correlation for control, wild-type mice was 0.82 (inter quartile range IQR = 0.10), whilst it was lower at 0.74 (IQR = 0.11) for GM mice ( Supplementary Figs. 2 and 3) . In case of GRi mice, the inter-regional correlations were lower and more variable but the difference between GM and WT was larger: the median correlation score for GRi mice was 0.59 (IQR = 0.24) and for the corresponding WT mice 0.78 (IQR = 0.15).
In the whole dataset of four models there was little difference in the patterns of inter-regional relationship between "control" and "vulnerable" mice. This is indicated by most of the brain regions being located in the centre of the multidimensional scaling figure (Fig. 3A) and limited deviation of the rest, the largest changes in functional connectivity from the other brain regions being observed for the ventrolateral thalamic nucleus, cortical amygdala, and ventral posteromedial thalamic Fig. 3 . Results of multidimensional scaling comparing the regional energy metabolism correlation patterns of "control" and "vulnerable" mice based on all and only GRi data. Interrelations of differences in correlations are fitted in 2-dimensional space represented by the axes of the figure. The distance between any two brain regions, each represented by its abbreviation, is a relative indicator of their functional inter-relatedness in terms of association strength. Abbreviations: AcbC accumbens nucleus core, AcbSH accumbens nucleus shell,AI agranular insular cortex, AAD anterior amygdaloid area dorsal part, Aco anterior cortical amygdaloid nucleus, AHA anterior hypothalamic area anterior part, AHP anterior hypothalamic area posterior part, AOD anterior olfactory nucleus dorsal part, AOL anterior olfactory nucleus lateral part, AOM anterior olfactory nucleus medial part, AOV anterior olfactory nucleus ventral part, ADP anterodorsal preoptic nucleus, AD anterodorsal thalamic nucleus, Am anteromedial thalamic nucleus, AVDM anteroventral thalamic nucleus dorsomedial part, AVVL anteroventral thalamic nucleus ventrolateral part, BLA basolateral amygdaloid nucleus anterior part, BMA basomedial amygdaloid nucleus anterior part, BSTLD bed nucleus of the stria terminalis lateral division dorsal part, BSTLV bed nucleus of the stria terminalis lateral division ventral part, BSTM bed nucleus of the stria terminalis medial division, Cpu caudate putamen (striatum), CeM central amygdaloid nucleus medial division, CM central medial thalamic nucleus, Cg1 cingulate cortex area 1, Cg2 cingulate cortex area 2, Cg/RS cingulate/retrosplenial cortex, CL claustrum, DG dentate gyrus, Den dorsal endopiriform nucleus, DR dorsal raphe nucleus, DLO dorsolateral orbital cortex, DM dorsomedial hypothalamic nucleus, DMPAG dorsomedial periaqueductal gray, Ect ectorhinal cortex, CA1 field CA1 of hippocampus, CA2 field CA2 of hippocampus, CA3 field CA3 of hippocampus, FrA frontal association cortex, GP globus pallidus, IL infralimbic cortex, IPR interpeduncular nucleus rostral subnucleus, Lent lateral entorhinal cortex, LHb lateral habenular nucleus, LH lateral hypothalamic area, LO lateral orbital cortex, LPAG lateral periaqueductal gray, LPO lateral preoptic area, LSI lateral septal nucleus intermediate part, LA lateroanterior hypothalamic nucleus, LC locus coeruleus, MeAD medial amygdaloid nucleus anterior dorsal, MHb medial habenular nucleus, MM medial mammillary nucleus medial part, MO medial orbital cortex, MPA medial preoptic area, MPOM medial preoptic nucleus medial part, MS medial septal nucleus, MnPO median preoptic nucleus, MnR median raphe nucleus, MDL mediodorsal thalamic nucleus lateral part, MDM mediodorsal thalamic nucleus medial part, HDB nucleus of the horizontal limb of the diagonal band, VDB nucleus of the vertical limb of the diagonal band, PT paratenial thalamic nucleus, PV paraventricular thalamic nucleus, PVA paraventricular thalamic nucleus anterior part, PAG periaqueductal gray, Pir piriform cortex, Pn pontine nuclei, PH posterior hypothalamic area, PrL prelimbic cortex, PrS presubiculum, M1 primary motor cortex, S1BF primary somatosensory cortex barrel field, V1 primary visual cortex, RMC red nucleus magnocellular part, RPC red nucleus parvicellular part, Rt reticular thalamic nucleus, RSA retrosplenial agranular cortex, RSG retrosplenial granular cortex, Re reuniens thalamic nucleus, M2 secondary motor cortex, S2 secondary somatosensory cortex, Shi septohippocampal nucleus, S subiculum, SI substantia innominata, SNC substantia nigra compact part, SNR substantia nigra reticular part, SCh suprachiasmatic nucleus, SO supraoptic nucleus, VO ventral orbital cortex, VP ventral pallidum, VPM ventral posteromedial thalamic nucleus, VTA ventral tegmental area, VL ventrolateral thalamic nucleus, VMH ventromedial hypothalamic nucleus, VM ventromedial thalamic nucleus, ZI zona incerta. nucleus (as derived from the average deviation of first five dimensions in the MDS). In case of the GRi model the differences in regional connectivity patterns were larger, and thirty-two brain regions were differentially connected to the rest to a larger extent than the VL in the overall connectivity model ( Fig. 3B and Supplementary Fig. 4 ). Notably deviating regions from the wild-type functional connectivity included, besides the VL, the intermediate part of the lateral septal nucleus (LSI), the anteriodorsal part of the medial amygdaloid nucleus (MeAD) and the medial division of the central amygdaloid nucleus (CeM), ventral pallidum (VP), nucleus of the vertical limb of the diagonal band (VDB), anteroventral parts of the thalamic nucleus and parts of the bed nucleus of the stria terminalis.
Multidimensional scaling was used as a hypothesis-free test of connectivity but also to enhance the statistical power of the analysis. As the brain regions deviating most of the rest of the brain in the GRi mice are known as involved in stress response, we carried out an exploratory correlation analysis of the brain regions of the extended amygdala and central stress response circuits (Fig. 4) . Particularly large reduction in the GRi mice as compared to wild-type was observed in correlations of oxidative metabolism between several nuclei of the amygdala and between these amygdaloid nuclei and some regions of the hypothalamus and the cingulate cortex.
Discussion
We had previously analyzed jointly the oxidative metabolism mapping data from four principally different rat models of affective disorders, and while each model separately yielded somewhat specific findings, the overall analysis permitted conclusions on the patterns of regional oxidative metabolism pertinent to vulnerability to stress, the stress effects and the diathesis-stress model [16] . Herewith we report common aspects derived from four genetically modified mouse models of depression. The models represent the hyperactivity of the hypothalamo-pituitary-adrenal (HPA) system, as well as deficits in serotonergic, glutamatergic, and cannabinoid signaling.
It should first be noted that inter-regional correlation was higher in the mouse brain as compared to the rat brain. Whether this applies over a larger selection of strains and genetic backgrounds remains to be confirmed. Within the constraints of the four selected models, irrespective of differences in their genetic background, WT mice of all models were highly homogeneous in their neural metabolism. The correlation matrix of control mice also had a higher median correlation as compared to the genetically modified counterparts, and the machine learning algorithms in general also had more success in correctly classifying the WT animals. The genetically modified mouse brain was, overall, functionally less strongly coupled, as revealed by lower overall correlation. This resembles the lower overall inter-regional correlation as observed in the rat brain after chronic stress [16] . The mice in the present study were not intentionally stressed and the potential impact of stress remains to be investigated; it is however tempting to speculate that genetically modified mice, at least those considered as models of depression, could be more sensitive to animal house conditions than their wild-type counterparts. Such an interpretation is indirectly supported by the largest deviations observed in the GRi model that specifically targets the stress axis regulation.
Region-wise, all applied methods of analysis suggested a few brain areas that across all models had higher oxidative metabolism than the wild-type, while there were large differences between the models. The latter may well relate to differences in genetic background, but it should also be noted that phenotype-wise, the four models are far from similar. The VGLUT1 −/+ mice have high anxiety and elevated immobility in the forced swimming test [20] as well as increased vulnerability to anhedonia [17] that was reversed by antidepressant treatment ( [17] [21];). The CB1 −/− mice also exhibit anxiety-like behaviour [18, 22] and increased anhedonia after chronic unpredictable mild stress [18] . The GRi mice, however, demonstrate lower immobility in the forced swim test, whereas the time spent in the open arms of EPM was elevated [26, 43] . The fourth model, mice overexpressing the human 5-hydroxytryptamine transporter (h5-HTT) was considered a vulnerability model owing to reduced synaptic serotonin but there is hardly any direct evidence for depression-like phenotype; instead, the h5-HTT mice spent more time on the open arms and had shorter latency to enter them in EPM [33] , and their open field and marble burying profiles were similar to WT controls [27, 33] . Fear learning was found to be impaired in the 5-HTT overexpression mice, and hemodynamic responses in amygdala in response to aversive cues was lower [28] . Fear response appears as reduced in the 5-HTT overexpressing mice in the conditions where the aversive cues do not suggest the occurrence of adverse events with certainty [29] . Curiously, h5-HTT mice also weigh less and have smaller bodies, whereas the amount of food they consume does not differ from WT mice [33, 44] . Altogether, the behavioural similarities and differences between the mouse models appear to have no simple correspondence with similarities or differences in regional oxidative metabolism, but this is not different from the previous findings with rat models [15] . All mouse models in the present analyses had been included in the "NewMood" project -a cooperative EU research framework to identify new molecules involved in triggering mood disorders [7] . Previously, gene expression in frontal cortex, hippocampus and raphe has been jointly analyzed in VGLUT1, CB 1 , and GRi mouse models as well as the serotonin transporter knockout mice [8] .
Genes belonging to gene ontology categories related to metabolic processes and energy demand were differentially expressed in the genetically modified mice, but there was little similarity in the gene expression magnitudes or direction between the models [8] . The conclusion from gene expression profiling in rat models was rather similar [13, 45, 46] . It has been said that animal genetic models of mood disorders and anxiety require "sanity checks" at intermediate steps on the ladder of biological causality that try to fill the vast space separating a malfunctioning neurotransmitter pathway from a behavioural phenotype resembling a psychiatric symptom [47] . While in the rat the level of regional oxidative metabolism was informative on common neurobiology behind separate models [16] , the results of a similar analysis in mouse models were less coherent. Nevertheless, a few clues to similarities between mouse models surfaced. While using the whole dataset, the most salient brain regions to define the "depressed" mouse included the claustrum, anterior and suprachiasmatic hypothalamic regions and basomedial amygdala. The BMA neurons encode anxiety-associated contextual features and BMA activation decreases fear-related freezing and high-anxiety states [48] . Anterior hypothalamus, of which LA and AHP are parts, is activated during discrete proximal threats, such as predatory attacks [49] . The implication of SCh in anxiety and fear may by involved by contribution to the cognitive processing of fearful stimuli [50] but also a more general role in biological rhythms that are impaired in depression [51] . That claustrum was one of the brain regions highlighted in this cross-model analysis is highly interesting: Electrical stimulation of claustrum in dogs can elicit both active and passive defensive behaviours [52] and this brain region, while not commonly considered in depression research, has been the subject of interest in understanding how information flow between regions of cerebral cortex is coordinated [53] . In the current study, claustrum was a particularly important variable in CB1 and GRi mouse models. Previously it has been found to be hypoactive in human patients suffering from depression [54, 55] , and in socially defeated rats [13] . Brain-derived neurotropic factor (BDNF) may serve as an important mediator between stress-driven activation of HPA axis and subsequent post-synaptic remodelling that may lead to mood disorders [56] . For instance, after 7 days of periodic immobilization stress in mice, BDNF mRNA expression was strongly reduced in claustrum and elevated in lateral hypothalamus and medial amygdala [57] . Differences in stress-induced BDNF mRNA expression and transcriptional control have been found in hippocampus of GRi and CB 1 animal models [23, 58] . While all mouse models contributed to overall model, their relative share was affected by both the apparent size of effect of the genotype on oxidative metabolism as well as by the number of animals available. Hence detailed discussion of findings in each model separately would remain premature, however, except for the GRi model for which the classification into control vs. model groups was most successful. Glucocorticoid receptor-impaired mice were created to investigate the role of HPA axis dysfunction in mood disorders [26] . The activity of HPA axis depends on the hypothalamic secretion of corticotrophin releasing hormone (CRH) and arginine -vasopressin (AVP). Corticosterone exerts a negative feedback control on CRH and AVP secretion by binding to low-affinity glucocorticoid receptors and high-affinity mineralocorticoid receptors [56] . Glucocorticoid receptor-impaired mice are resistant to suppression of corticosterone secretion by an exogenous steroid dexamethasone [59] . Dexamethasone non-suppression can be considered the "intermediate phenotype" of human depression of melancholic type [60] . In addition to the HPA axis disturbances, hyperresponsiveness under stress of the serotonergic system has been noted [61, 62] .
Our machine learning results on GRi mice fit well into the narrative of hyperactive HPA, as well as the reactivity of serotonergic system in GRi mice. In the top 5 five most important variables for machine learning, three regions were from hypothalamus: LA, AHP, & SCh. In addition, claustrum and the anterior part of the basolateral amygdala (BLA) featured prominently in the machine learning results. In GRi animal model, the genetically modified animals had a higher than WT mice mean metabolic activity in all of these brain regions. Previously, increased metabolic activity was recorded in the paraventricular nucleus of hypothalamus in the rat, but not in the other five hypothalamic nuclei studied (including LA and SCh) in the congenitally helpless rat model [63] . Differences in the COX activity levels in hypothalamus and median raphe were also previously recorded in the chronically stressed rats: brain metabolism in MnR was elevated after chronical nonsocial stress and lowered in LA after chronic social stress [15, 16] .
Multidimensional scaling offers the advantages of hypothesis free testing of the changes in regional correlation patterns within the brain. In order to specify the connectivity changes at the level of known networks we focused on the extended amygdala and stress response circuits in the GRi mice, given that several brain regions belonging to this network featured as outliers in the MDS. A robust anatomical connection exists between the central amygdaloid nucleus and the BNST [64] , and in the GRi mice the oxidative metabolism between divisions of these brain areas was uncoupled. Functional connectivity of medial and basolateral nuclei of amygdala with regions of hypothalamus and the BNST were also weakened. Amongst these prominent alterations, the reduction of activity coupling between medial amygdaloid nucleus and the medial preoptic nucleus is of interest given that in the rat, deviation of oxidative metabolism in the latter brain region were most strongly associated with deviations in trait-wise social behaviour [65] . While no major decline was observed in the GRi mice with regard to the association of the level of oxidative metabolism between amygdala and cingulate, a significant connection in depression [66] , a major drop in activity coupling was observed between a cingulate area and the BNST that mediates the amygdaloid outputs.
In conclusion, regional oxidative metabolism as revealed by cytochrome oxidase histochemistry was found to be highly inter-correlated in the mouse brain, and joint analysis of four genetic mouse models of affective disorders revealed large differences between the models but also highlighted several brain regions implicated in their shared characteristics. Involvement of a few hypothalamic nuclei, basomedial amygdala and claustrum was common. The GRi mouse model was characterized by several alterations in oxidative metabolism and changes in the functional connectivity of the extended amygdala and stress response circuits. Further studies examining additional mouse models should test the generalizability of these findings.
